Chioropseudomonas ethylicum (Shaposhnikov, Kondrat'eva & Fedorov, 1960 ) is a green obligate photosynthetic anaerobic bacterium. Unlike Chlorobium sp., which can be grown autotrophically, Chloropseudomonas cannot; it has an obligate nutritional requirement for carbon dioxide and a source of a C2 unit best met in culture media by the addition of either ethanol or acetate.
To find out why Chloropseudomonas has this particular nutritional requirement, a study of the enzymes that could be concerned with its assimilation of carbon compounds was undertaken. This paper reports the results of this investigation; a preliminary account has already been published (Callely & Fuller, 1967) . Smillie & Evans (1963) have already reported the presence of some tricarboxylic acid-cycle enzymes in Chloropsetdomonas; their extracts were prepared in tris buffer with a French pressure cell. The present paper also shows that for the measurement of some enzyme activities preparation of extracts in tris is to be avoided.
METHODS AND MATERIALS
Organisms. Chloropseudomons ethylicum (strain 2K) was grown anaerobically at 300 in the light (light-intensity 200-250ft.-candles) in screw-capped 11. prescription bottles completely filled with liquid medium. The medium was as described by Bose (1963) except that acetate (final concn. 34mM) was used instead of ethanol and the medium was additionally buffered with tris (final conen. 10mM, pH 7.3). The inoculum was 20ml. of a 2-3-day culture grown in the same medium. Samples of all inocula were added to test tubes two-thirds full of nutrient broth; absence of growth in these tubes in the dark and in the light during growth of the main culture was taken as a criterion of purity of the inocula. Cultures in the exponential-growth phase were harvested after about 22 hr. growth (cell density 220-250mg. dry wt. of cells/l. of medium) by centrifuging at 30 for 25 min. at 8000g. Cells were washed twice by resuspension in either 50mM-phosphate buffer or 50mM-tris buffer (both pH 7.4) and centrifuged as above.
For confirmation of enzyme assay procedures when no activity could be demonstrated with the Chloropseudomonas extracts, extracts of either Chromatium (strain D) grown heterotrophically with acetate, or Rhodospirillum rubrum, both cultured as described by Bose (1963) , were used.
Preparation of extracts. Extracts were prepared by treatment with a MSE-Mullard ultrasonic disintegrator for 3 min. at 0-5'. For ultrasonic treatment washed cells from 11. of medium were suspended in 2-5 ml. of buffer; centrifuging the ultrasonically treated material at 30 for 10min. at 2000g was sufficient to sediment out sulphur and any remaining unbroken cells. The resulting supernatants (10-15mg. of protein/ml.) were used in the various enzyme assays.
Boiled extracts were prepared by placing these supernatants in a boiling-water bath for 5 min.
Enzyme assays. Except for the acetate-activating system, measurements of the specific activities of enzymes were 615 A. G. CALLELY, N. RIGOPOULOS AND R. C. FULLER Ribulose 1,5-diphosphate carboxylase (EC 4.1.1.39) activity was measured by the one-step method described by Racker (1962) and the two-step method described by Lascelles (1960) .
The acetate-activating system was measured at 300 as described by Jones & Lipmann (1955) (Bray, 1960) and counted in a Nuclear-Chicago automatic scintillation counter. In the zero-time control the ethanol and acetic acid were added to the complete reaction mixture before the NaH14CO3.
Chemical8. Unless otherwise stated the buffers used were at pH7-4. Tris (final concn. 50mM) was adjusted to the required pH with HCI; a solution of KH2PO4 (final concn. 50mM) was adjusted to the required pH with NaOH.
Tris ( NaH14CO3 was made by trapping, in NaOH, 14CO2 that had been generated by the addition of acid to Ba14CO3 (40 mc/m-mole) (New England Nuclear Corp., Boston, Mass., U.S.A.).
RESULTS
Isocitrate dehydrogenase (NADP-linked) and malate dehydrogenase (NAD-linked) could readily be detected in extracts prepared by ultrasonic treatment of the organism in tris buffer. Aconitate hydratase activity in such extracts was, however, very difficult to demonstrate; only a trace amount of this enzyme could be detected and this infrequently. These difficulties were resolved when it was found that ultrasonic treatment of cells in tris buffer results in certain enzymes having a greatly lowered specific activity, and that adding 2-mercaptoethanol to the suspension before the ultrasonic treatment is beneficial. Table 2 illustrates the variable activity of extracts prepared by ultrasonic treatment of the organism under different conditions. In such an experiment cells from four 11. cultures were pooled and then divided into two equal portions; one portion was washed twice with phosphate buffer, the other portion twice with tris. About half of the phosphate buffer-washed cells were resuspended in 2f5 ml. of the same buffer and ultrasonically treated as described above; the remainder were resuspended in the same volume ofbuffer containing 2-mercaptoethanol (20mM) and then ultrasonically treated. The tris-washed organisms were treated similarly, about half being ultrasonically treated after resuspension in 2-5ml. of tris buffer, the remainder after resuspension in the same volume of buffer containing 2-mercaptoethanol (20mM).
Aconitate hydratase was always assayed first and at about the same time (35-40min.) after the start of the ultrasonic treatment of each batch of cells, as the specific activity of this enzyme in extracts falls rapidly during the first hours after preparation (Fig. la) ; for comparison the stability of fumarate hydratase is shown in Fig. l(b) . The specific activity of aconitate hydratase was confirmed by coupling this enzyme to added excess of isocitrate dehydrogenase and measuring the rate of reduction of NADP+ on the addition of citrate.
There was no activity if an equimolar amount of glyoxylate was substituted for oxaloacetate in the citrate synthase assay, indicating the absence of malate synthase (Fig. 2a) ; a very slow reaction was obtained if an equimolar amount of pyruvate was used as substrate, the rate being about onehundredth of that with oxaloacetate (Fig. 2b) .
Succinate dehydrogenase activity could readily be demonstrated with phenazine methosulphate as mediator; it made no difference whether phenazine methosulphate or extract was added to the cuvettes to start the reaction. In the assay for succinyl-CoA synthase, ATP was used and no attempt was made to see if GTP would replace it.
The only enzyme of the tricarboxylic acid cycle that has not been detected is 2-oxoglutarate dehydrogenase, though addition of an extract of Rhodospirillum rubrum (which contains this enzyme) to the same cuvettes in which no activity was being observed with the Chloropseudomonas extracts resulted in a rapid reduction of NAD+.
Extracts catalysed the production of (presumably) acetyl-CoA from acetate and CoA in the presence of ATP, Mg2+ ions and GSH, as indicated by the progressive formation of a compound that gave a positive hydroxamate reaction (Lipmann & Tuttle, 1945 (1966) proposed the reductive carboxylic acid cycle to account for the way by which the green photosynthetic bacterium Chlorobium thio8ulfatophilum can assimilate carbon dioxide, which enters this cycle at four points, the reactions leading to a net synthesis of oxaloacetate. A number of reactions of this pathway are identical, with regard to the compounds involved, with those occurring in the tricarboxylic acid cycle, except that they are proceeding in the opposite direction. The cleavage of citrate leads to the regeneration of acetyl-CoA necessary for the ferredoxin-dependent carboxylation reaction that yields pyruvate. Such a cycle is unlikely to be present in Chlorop8eudomon"a because of its obligate requirement for a C2 compound and the consequent lack of necessity for the regeneration of a C4 acceptor compound for carbon dioxide fixation.
A possible reason for the nutritional requirement of Chloropseudomona8 would be that it lacks the citrate-cleavage enzyme and hence becomes dependent on an exogenous source of acetate to keep the pathway operative. If this were so it would be difficult to see what role aconitate hydratase was playing in this organism. Further, this organism possesses a citrate synthase.
It is always difficult to show that an enzyme is not present in a cell-free extract because of inadvertent inactivation during the cell-breakage and extraction procedure. However, the absence of isocitrate lyase and malate synthase is consistent with the inability of the organism to grow with acetate as its sole carbon source. The absence of an oc-oxoglutarate dehydrogenase is also no metabolic stumbling block, since the organism possesses more than enough of all the enzymes necessary to synthesize the carbon skeleton of glutamate from oxaloacetate and acetate, and also can synthesize succinyl-CoA (a precursor of chlorophyll) from oxaloacetate. (Bassham & Calvin, 1957 (Russell & Gibbs, 1966) and in the bacterium Chromnatium D ; it is possible that in Chloropeeudomonaa this enzyme is permanently repressed and the metabolic price that Ghlorop8eudomonas has to pay for its nutritional dependence on a C2 compound is the absence of a functional Calvin cycle. The other possibility is the production ofpyruvate by the ferredoxin-dependent carboxylation of acetyl-CoA, which has been demonstrated in Chlorobium thiosulfatophilum (Evans et al. 1966) and in the non-photosynthetic anaerobe Clowtridium kluyveri (Andrew & Morris, 1965 isolation of ferredoxin from this organism, but its presence would be consistent with the nutritional demand of Chlorop8eudomonas for carbon dioxide and a C2 compound, the assimilation of which is summarized in Scheme 1. The NAD-dependence of triose phosphate dehydrogenase is consistent with the phylogenetic distribution of this enzyme (see Fuller & Gibbs, 1959) . That the same rate is obtained when the assay coupling enzyme (phosphoglycerate phosphokinase) is omitted from the reaction mixture means that extracts contain this enzyme as well or that the interconversion of glyceraldehyde 3-phosphate and 3-phosphoglycerate is direct, being catalysed by a NAD-dependent equivalent of EC 1.2.1.9 (Rosenberg & Arnon, 1955) .
The specific activities of all the enzymes that catalyse reactions common to the tricarboxylic acid cycle are remarkably large; for example, they are all as large as or larger than those quoted for E. coli extracts (Gray, Wimpenny, Hughes & Mossman, 1966) . Also noteworthy is the differing activity of extracts prepared by ultrasonic treatment of the organism in different buffers in the presence or absence of added thiol groups. The main variations are with citrate synthase, fumarate hydratase and aconitate hydratase.
The additional instability of aconitate hydratase increases the difficulty of its assay and detection in anaerobes. Thus Gottschalk & Barker (1966) found it necessary to preincubate extracts of (lo8tridium kluyveri (prepared by ultrasonic treatment in phosphate buffer plus mercaptoethanol) under hydrogen to obtain aconitate hydratase activity; Stern & Bambers (1966) , who prepared extracts of another C. kluyveeri by ultrasonic treatment in tris plus cysteine with subsequent addition ofmercaptoethanol, also point out that reducing conditions have a marked stabilizing or activating influence (or both) on aconitate hydratase.
Thus this enzyme in anaerobes would appear to be different to that in other organisms. In Chlorop8eudomona8, phosphate buffer (plus mercaptoethanol) must be used in preference to tris during the ultrasonic treatment, but it makes no difference which of these buffers is used during the assay procedure. This contrasts with the aconitate hydratases quoted by Dickman (1961) where the use of a phosphate buffer is to be avoided. The specific activities of aconitate hydratase and fumarate hydratase in extracts of Chlorop8eudo-monar prepared in tris are similar to those quoted by Smillie & Evans (1963) , who disrupted this organism in tris buffer with the aid of a French pressure cell; their inability to demonstrate aconitate hydratase activity in Chlorobium thio8ulfatophilum could be due to the preparation of their extracts in tris.
Many of the enzymes associated with the tricarboxylic acid cycle are present and functioning in this obligate photosynthetic anaerobe. The primary purpose of these enzymes in this organism is not the reoxidation of nicotinamide nucleotides and the consequent production of ATP, but in their use as accessory carbon synthetic pathways for the rapid synthesis of cellular material. All the initial reactions necessary for synthesis are shown in Scheme 1; it would appear that this obligate photoheterotroph could undergo photosynthetic Vol. 106 621 A. 0. CALLELY, N. RIGOPOULOS AND R. C. FULLER 1968 growth by using the synthetic pathways described, and the absence of a Calvin cycle is reflected by the obligate nutritional requirement of a C2 fragment. 
